Abstract
Introduction

50
Gasoline engine technology has entered one of the most exciting periods in its long history: 51 downsizing, hybridization and stricter emission standards determine the future of SI engines 52 [1] . Advanced engine requirements for high power density and low fuel consumption can be 53 achieved through high boost, direct injection, engine start&stop [2] and lean burn operation.
54
Implementation of this technology in SI engines increases the potential possibility that under 55 certain operating conditions auto-ignition or pre-ignition can occur [3] . Knock not only limits 56 engine thermal efficiency but it also affects the formed emissions during combustion. As 57 pollutants formation is directly linked to the combustion process, it is critical to understand the 58 effect of abnormal combustion cycles on emissions performance and variability. To this end,
59
meeting fuel economy requirements and future emission standards in high-efficiency SI 60 engines requires a well understanding of knock and its effect on engine emissions.
61
Knock is as old as SI engine itself [4] and takes its name from the metallic 'pinging' noise that 62 auto-ignition (spontaneous combustion) creates before the piston reaches TDC. Knock can be 63 divided into two main groups: light to medium knock and super knock. Light to medium knock 64 limits compression ratio and as a consequent the engine thermal efficiency due to the end-gas 65 auto-ignition. Auto-ignition is the fast discharge of chemical energy contained in the end-gas, 66 which is the final fraction of the air-fuel mixture that enters the cylinder but without inclusion 67 into the flame front reaction [5] , [6] . On the other hand, super knock limits raising the boost 68 pressure and the engine power density due to detonation, also known as pre-ignition [7] , [8] .
69
Pre-ignition occurs earlier to auto-ignition and leads to a fast and violent combustion that can 70 potentially damage the engine. Apart of the great number of studies on knocking combustion, 71 the correlation between knock intensity, heat transfer, fuel chemistry, pressure oscillations and 72 oil droplets is not well understood [3] . Nowadays, the main research focuses on super knock 73 due to the high boost technology applied in high power density downsized engines, which 74 usually occurs under low speed and high load engine operating conditions.
75
Fuel and cylinder charge properties as well as engine calibration can affect combustion 76 characteristics and simultaneously affect the formed emissions. Methods for suppressing 77 engine knock and controlling emissions involve the optimization of those parameters.
78
Conventional suppression methods of engine knock include control strategies for retarding 79 spark timing [9] , raising fuel octane number by using additives [10] , [11] and enriching mixture stoichiometric SI engine at full load conditions with a compression ratio of 12.5 by using 83 cooled EGR [5] . Same trend was also observed in another experimental study where it was 84 shown that the resistance to knock is strongly increased by cooled EGR [13] . It was also found 85 that utilization of EGR can significantly reduce emissions by up to 90% [5] , [14] , [15] , while 86 HC emissions increase across the EGR range [16] , [17] . Air-fuel ratio can also affect engine 87 knock limit. Although leaner mixtures benefit fuel consumption, retarded combustion is 88 required to avoid knock [6], while over-fuelling increases the knock limits of the engine [18] .
89
In another study, it is reported that the EGR and the lean burn operation exhibit lower average 90 knock indexes. Due to the longer combustion duration by utilizing EGR and lean burn, heat 91 transfer is enhanced and end-gas temperature is decreased [19] . Conversely, another 92 experimental work using a single cylinder research engine that was supplied with ON 75 93 proved that lean mixtures have the earliest onset of knock, and the highest knock intensity [20] .
94
Furthermore it was noted that lean mixtures are particularly sensitive to the charge heating full-bore overhead optical access, the glass of the engine head was designed to withstand peak 173 combustion pressures up to 150bar. The engine incorporates a flat piston crown, two inlet ports,
174
and originally was designed with two exhaust ports. As the purpose of this study is focused on 175 knocking combustion, one of the exhaust valves was deactivated in order to assist end-gas 
183
Experimental Configuration and Measurements
195
Experiments were conducted using the experimental setup schematically illustrated in Figure   196 2, while the main specifications of the relevant components are presented in Table 3 . The test The reason that in this study an optical engine has been employed is to qualitatively explain 249 the cyclic resolved emission values under various knocking conditions by utilizing optical data.
250
Realistic results from commercial engines may quantitatively change, as explained elsewhere at TDC compared to the ignition timing occurs at 25 o BTDC is more than three (3) times higher.
307
Furthermore, it is revealed that knock intensity increases exponentially as knock occurs closer 308 to top center, earlier in the combustion process. 
355
Nitric oxide is mainly formed at high temperatures, through the well-known extended 
372
NO variability is highly related to the combustion rate, as approved elsewhere [38] . conditions. Moving to the right part of Figure 11 , maximum cylinder pressure increases as end-381 gas auto-ignition starts to occur. Under knocking combustion condition, it is observed that the 382 variation between maximum and minimum NO emissions at higher maximum cylinder 383 pressure is decreased and reaches a narrow window area at extreme peak in-cylinder pressures.
384
The latter forms the right region limit which is hard to explain from recorded thermodynamic 385 data. Therefore natural light photography data were employed to better understand this trend. The effect of oxygen availability on knock onset and pressure evolution is illustrated on Figure   411 13 that shows the in-cylinder pressure traces for three different mixtures: slightly rich, slightly 
422
The knock resistance of lean mixtures has been investigated in the past by Gruden and Hahn
423
[52]. In their study, a production engine was converted to a lean burn engine. Researchers reason could be the slower burn rate that leads to auto-ignition when piston expands and 430 consequently end gas temperature and pressure are relatively low.
431
In order to better understand the effect of air/fuel equivalence ratio on knock intensity and NO 
446
Cyclic combustion variability consists of both stochastic and deterministic phenomena [22] .
447
Fluctuations of the gas mixture motion and turbulence and variation of the quantity and spatial 
454
The return map is identified as an easy and fast way to characterize the nature of the variability 
474
Nitric oxide formation is related with peak combustion temperature, mixture residence time at 475 high temperature and oxygen availability [43] . 
482
Under knocking combustion conditions, where peak temperatures are observed, oxygen 483 availability seems to be the most important parameter for NO formation. spark ignition timing and air/fuel equivalence ratio.
509
The effect of ignition timing on pollutants formation under various knock index conditions has 510 been explored. It was found that as spark timing is advanced and knock intensity is increased,
511
both NO and HC emissions are enhanced. Up to knock intensity equal to 6 bar and under 512 stoichiometric conditions, it was found that instantaneous NO emissions are increased by up to 513 60% compared to the MBT operating conditions. A further increase of knock intensity at the 514 limits of pre-ignition region was found to significantly drop NO emissions. Simultaneously HC 515 emissions were found to increase at the region of light and medium knock where the peak of
516
HC emissions was observed, while at heavier knock region HC emissions drop.
517
The effect of air/fuel equivalence ratio on pollutants formation under knocking combustion has 518 been also investigated in this study. It was found that leaner mixtures present the onset of knock 519 later compared to richer mixtures due to the slower deflagration rate. When knock occurs, the 520 formed NO in lean mixtures are higher than in stoichiometric or rich mixtures due to the oxygen 521 availability. Last but not least, it was found that under lean conditions NO emissions are 522 enhanced as knock intensity is increased while under stoichiometric or slightly rich operating 523 conditions it was found that NO are decreased for knock intensity higher than 6 bar. 
